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This work exploits the advantages of compliant mechanisms (devi-
ces that achieve their motion through the deflection of flexible
members) to enable the creation of small instruments for mini-
mally invasive surgery (MIS). Using flexures to achieve motion
presents challenges, three of which are considered in this work.
First, compliant mechanisms generally perform inadequately in
compression. Second, for a 690 deg range of motion desired for
each jaw, the bending stresses in the flexures are prohibitive con-
sidering materials used in current instruments. Third, for cables
attached at fixed points on the mechanism, the mechanical advant-
age will vary considerably during actuation. Research results are
presented that address these challenges using compliant mecha-
nism principles as demonstrated in a two-degree-of-freedom
(2DoF) L-Arm gripper. [DOI: 10.1115/1.4036336]
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1 Introduction

Minimally invasive surgery (MIS), an alternative to traditional
surgery, has several benefits including less patient trauma,
decreased procedure time, and little to no scarring due to the small
size of the incisions [1]. As advances in MIS are made, these
potential benefits will become more apparent and procedures not
previously possible will become more feasible. One way to
advance MIS is to scale instruments to smaller sizes, thus facilitat-
ing smaller incisions and more intricate procedures. Current
instruments present some issues when scaled to smaller sizes,
including in their design and manufacturing. As the size of MIS

instruments is decreased, new methods are needed to retain or
increase instrument range of motion and performance.

The use of compliant mechanisms in minimally invasive sur-
gery devices is attractive for reasons that include an ability to
scale designs, reduce or even eliminate assembly, assure precise
motion, and reduce part count, friction, and wear [2]. The motiva-
tion for this research is to demonstrate the use of compliant
mechanisms in robotic MIS instruments, specifically to achieve
end-effector wrist and gripper motion.

Although compliant mechanisms show promise for advance-
ments in minimally invasive surgery, three challenges accompany
their development for use in grippers:

(1) Preload in cable-actuated systems induces compressive
loads on components, but compliant members generally
perform inadequately in compression [3].

(2) For the 690 deg range of motion desired for each jaw, the
resulting bending stresses in the flexures are too high for
materials used in current instruments.

(3) The moment arm for cables attached at fixed points on the
mechanism will result in a changing and diminishing mechani-
cal advantage during actuation.

These challenges are considered while exploring the geometry,
strain–deflection relationship, and possible manufacturing meth-
ods for a two-degree-of-freedom gripper compliant mechanism. A
large-scale prototype with a 38-mm diameter shaft was created to
demonstrate mechanism functionality. A 6-mm diameter proto-
type was also created. Finite element (FE) analysis was used to
determine the strain–deflection relationship of the flexures for a
3-mm device.

Research has been conducted regarding the application of com-
pliant mechanisms in minimally invasive surgery, including MIS
wrist mechanisms. A review of wrist mechanisms is found in Ref.
[4]. Compliant designs include a superelastic NiTi wrist [5], an
asymmetric wrist [6], and a virtual center compliant MIS tool [7].
Compliant end-effector designs include an endoscopic suturing
device [8], a statically balanced surgical grasper [9], a force-
limiting scalpel [10], and the origami-inspired compliant forceps,
the Oriceps [11].

2 Inverted L-Arm Concept

The L-Arm gripper mechanism concept was developed to dem-
onstrate the feasibility of overcoming the three challenges in this
context associated with compliant mechanisms noted earlier: inad-
equate performance in compression, high stresses induced while
under large deformations, and a mechanical advantage that varies
as a function of deflection. The flexure-based L-Arm gripper is a
compliant mechanism composed of two opposing L-shaped grip-
pers with flexures that enable each of the jaws to actuate inde-
pendently as shown in Fig. 1(a). The L-Arm gripper shows
promise due to the simplicity of the mechanism and the possibility
to increase performance over current mesoscale instruments,
including larger deflections and additional degrees-of-freedom. A
low part count and relatively large minimum feature size can be
scaled to the millimeter size while maintaining function and
performance.

The L-Arm has two degrees-of-freedom (DoF), one wrist and
one gripping. The jaws pivot independently about the same axis
of rotation. Figure 2 shows the L-Arm with one jaw labeled. The
pulley and jaw are rigidly connected and can be made as one part.
The flexure connects the jaw to the ground link (which is con-
nected to the instrument shaft). The second jaw is identical to the
first and is rotated 180 deg so the jaws face each other. A side
view schematic of a single jaw is shown in Fig. 3. The moment
arm for the cables is determined by the pulley radius, R. The
approximate center of rotation is labeled CoR. FIN1

and FIN2
are

each a combination of preload and actuation forces.
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2.1 Addressing Compressive Loads. Most robotic mini-
mally invasive surgical instrument designs locate the end effector
at the distal end of a long shaft. Cables extending the length of the
shaft actuate the instrument and also induce a compressive pre-
load on the system. Conventional compliant mechanisms often
have low resistance to compressive loading and may buckle if the
compressive load is too high. Inverting compliant mechanisms
can enable them to support high compressive loads and has been
studied previously [3]. This principle of inversion was applied to

the L-Arm design as shown in Fig. 1(b). The inversion of flexures
in the L-Arm mechanism eliminates the occurrence buckling by
placing the flexible members normally in compression in tension.
Note that a load causing the flexures to be in compression in Fig.
1(a) would result in tensile loading of the flexures in Fig. 1(b). In
Fig. 1(a), the mechanism consists of, from bottom to top, a base
or ground, flexures, and L-shaped jaws. As a downward actuation
force is applied to either extreme of the horizontal segment of the
L-shaped jaw, the respective flexure is placed in compression. In
Fig. 1(b), the inverted mechanism consists of, from bottom to top,
the L-shaped jaws, flexures, and ground link (labeled “fixed
base”). As a downward actuation force is applied to either extreme
of the horizontal segment of the L-shaped jaw, the respective flex-
ure is placed in tension. In this way, the first challenge of inad-
equate performance in compression is overcome.

2.2 Addressing Stresses Due to Large Deformations. There
are three fundamental ways to modify a flexure’s stiffness (and
therefore control stresses): geometry, boundary conditions, and
material properties. These three ways can be varied independently
to tailor a compliant flexure for a specific application.

While the large-scale proof-of-concept 38-mm L-Arm proto-
types described in this paper (see Fig. 2) were created with flex-
ures consisting of two wires placed side by side, it is expected that
the flexures in the 3mm L-Arm design will have a rectangularFig. 1 (a) L-Arm and (b) inverted L-Arm polypropylene prototypes

Fig. 2 Inverted L-Arm with NiTi wire flexures. While both iden-
tical jaws are shown, only one has been labeled.

Fig. 3 A single jaw of the L-Arm compliant mechanism is
viewed from the side. R is the moment arm length (radius of the
pulley), CoR is the approximate center of rotation, and FIN1

and
FIN2

are input forces provided by cables.
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cross section. The following discussion on flexure geometry
assumes a rectangular cross section.

The L-Arm flexure geometry was designed to minimize bend-
ing stress while still providing adequate strength in tensile load-
ing. To this end, the thickness of the flexures was decreased to
enable higher angular deflection before reaching the limiting
bending stress. The flexure width was kept as large as possible to
provide lateral and torsional stability.

The flexible members of the L-Arm were designed using the
pseudorigid-body model with the small-length flexural pivot
(SLFP) assumption, which is that if the flexure length is small
compared to the rigid portion of the mechanism, the center of
rotation of the mechanism can be approximated as the midpoint of
the flexure along its length. The SLFP assumption is valid when
the flexible member length, l, is much less than the overall length,
L, of the mechanism (l � L) [2].

The SLFP assumption simplifies the kinematic analysis of the
mechanism to that of a simple pin joint with rigid links. The jaw
faces were designed such that the plane in which each face lies
passes through the axis of rotation of the flexures. When in the
closed position, the jaw faces make complete contact with each
other. Note that the compliant nature of the mechanism enables
the contact profile of the jaws to be tailored for a specific task or
procedure. The actuation pulleys were also designed with their
axes of rotation aligned with those of their respective flexure.

The L-Arm flexure has boundary conditions where one side of
the flexure is fixed to ground while the other side is fixed to the
moving jaw. These boundary conditions are also part of the SLFP
assumption.

Several materials were identified as possible candidates for the
flexure including stainless steel, titanium, metallic glass, and the
nickel titanium alloy nitinol (NiTi). These materials were selected
for their favorable compliant characteristics, including a relatively
large Sy=E, as well as biocompatibility [12–14]. NiTi consists of
nearly equal atomic percentages of nickel and titanium. NiTi can
exhibit the superelastic effect and is therefore of interest in the
field of compliant mechanisms due to the large strains that it can
undergo before yielding. It can reach strains of 6–8% with very
small material set, while steels generally reach strains on the order
of less than 1% before yielding.

Analysis determined that a stainless steel flexure could undergo
angular deflections of <30 deg for a given geometry before yield-
ing. A metallic glass flexure was designed that could deflect to
�45 deg [15]. NiTi was investigated for its ability to undergo
large strains before yielding and was ultimately chosen as the flex-
ure material due to its potentially large range of motion.

The selection of superelastic NiTi as the flexure material over-
came the second challenge and enabled the L-Arm mechanism to
reach the large deflections required in MIS instruments.

2.3 Addressing Variable Mechanical Advantage. The third
challenge encountered with early L-Arm concepts (see Fig. 1) was
a variable actuation moment arm that tended to zero as the mecha-
nism was deflected. Once the effective length of the actuation
moment arm reached zero, the L-Arm could not be deflected far-
ther even if the flexure itself was designed for greater angular
deflections.

To overcome this challenge, a pulley was integrated into each
gripper jaw to maintain a constant moment arm for the cables as
the mechanism is actuated. The cable is fixed at the top of the pul-
ley and routed over each side. Figure 3 shows the pulley geome-
try. The forces FIN1

and FIN2
are transmitted from the back

(proximal) end of the instrument to the L-Arm mechanism via the
cables. The cables are placed in opposing pairs because they only
transmit tensile forces. The pulley and jaw can be made as one
piece, reducing the mechanism part count and simplifying the
manufacturing process. The circular pulley was designed with its
center at the midpoint of the flexure. Using the SLFP assumption,
this is also the approximate center of rotation of the jaw. While

the resulting mechanical advantage is not constant, the variability
is significantly reduced. The integrated pulley enables angular
deflections exceeding 690 deg for each jaw to be achieved using
cable actuation.

A mechanical advantage analysis was completed to compare
the L-Arm with and without the integrated pulley. A labeled dia-
gram of one jaw of the L-Arm without a pulley used in the analy-
sis is shown in Fig. 4. A diagram of the L-Arm with a pulley is
shown in Fig. 5. Using the values in Table 1, the mechanical
advantage for the L-Arm with and without the integrated pulley
was calculated as a function of angular deflection. Figure 6 shows
the mechanical advantage for a 3mm L-Arm with and without a
pulley. Titanium was used for simplicity in the model. The mate-
rial modulus of elasticity will only affect the shape of the curve,
not the point at which the mechanical advantage becomes nega-
tive (for the L-Arm without a pulley). The point at which the
curve crosses zero is dictated by the effective moment arm for the
input force, FIN. The plot also shows that the mechanical advant-
age of the L-Arm design with a pulley has less variation compared
to the L-Arm without a pulley and it never becomes negative. For
the chosen geometry, the L-Arm without a pulley can be actuated
via cables up to �65 deg before the mechanical advantage reaches
zero. The L-Arm design with a pulley can be cable-actuated over
the desired range of motion, 690 deg. Although the mechanical
advantage is much less than 1 for both designs, it is not antici-
pated as a problem for robotic MIS instruments driven by power-
ful electric motors that can develop the torques necessary to
obtain the desired output force at the tip of the instrument. Current
commercial instrument architectures have similar mechanical
advantages as the L-Arm concept. In this case, a 2 N output force
was used as the working load for a 3-mm surgical instrument.

3 Large-Scale Proof-of-Concept Prototype

Multiple rounds of prototyping and mathematical modeling
were used to verify that the strategies outlined in this work could

Fig. 4 Model used in the mechanical advantage analysis of the
L-Arm gripper mechanism without a pulley. Note that FOUT is
modeled as a follower force while FIN is modeled as a vertical
force. The location at which FIN is applied changes relative to the
approximate center of rotation as the mechanism is actuated.
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enable feasible compliant mechanisms capable of the desired per-
formance (2DoF and an angular deflection 690 deg, as well as the
ability to perform gripping and lifting functions). A large-scale
proof-of-concept prototype was constructed to test the inverted
L-Arm concept. The jaws and ground link were made of polylac-
tic acid using an additive manufacturing process. The actuation
cables were made using 0.84-mm polyester twine. The shaft tube
was a 38-mm clear cellulose tube. The flexures were made using
0.38-mm (0.015 in) diameter superelastic NiTi wire. The flexures

Fig. 5 Model used in the mechanical advantage analysis of the
L-Arm gripper mechanism with a pulley integrated into the jaw.
Note that FOUT is modeled as a follower force while FIN is mod-
eled as a vertical force. The location at which FIN is applied
does not change relative to the approximate center of rotation
as the mechanism is actuated.

Table 1 Values used in the mechanical advantage analysis of a
3-mm L-Arm mechanism

Dimension Value

l 1.25mm

h 0.102mm

b 0.7mm

lIN 1.299mm

lOUT 7.0mm

R 1.299mm

E 113.8GPa
FOUT 2.0N

Fig. 6 Mechanical advantage plotted against angular deflec-
tion (in deg) for a 3-mm L-Arm using the values listed in Table 1

Fig. 7 Thirty eight millimeter proof-of-concept prototype of the
inverted L-Arm with NiTi wire flexures

Fig. 8 Thirty eight millimeter L-Arm prototype showing inde-
pendent actuation of each jaw as well as the gripping function
of the mechanism
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are �5 mm in length. Two wires were placed side by side at a dis-
tance of 5mm to create the flexure for each jaw. The torsional
stiffness (about an axis parallel to the instrument shaft axis) of the
jaws is increased by moving the two NiTi wires apart from each
other. The prototype is shown in Figs. 7 and 8.

The jaws are independently actuated via the cables. The proto-
type was able to undergo 690 deg from the undeflected position
without yielding, and demonstrated the ability to perform gripping
and lifting functions. The lifting function consisted of gripping an
object, lifting it, and moving it to a new location supported by
only the gripper mechanism.

4 Three Millimeter and 6mm L-Arm Designs

Three millimeter and 6mm mechanisms were modeled and pro-
totyped (see Fig. 9). Jaws and ground links for 3mm and 6mm
prototypes were made using a stereolithography (SLA) additive
manufacturing process. The 6mm parts were assembled with NiTi
flexures to create a 6mm prototype.

4.1 Three Millimeter and 6mm Prototypes. Parts for a
3mm prototype were created using an SLA process. A more
robust 6mm SLA prototype was also created (see Fig. 10). These
prototypes demonstrate that the minimum feature size of the 3mm
and 6mm designs can be achieved with current commercial tech-
nologies. The 6mm prototype also verified that the design was
able to be assembled.

5 Conclusion

This work addressed the three challenges of employing compli-
ant mechanisms as grippers in cable-actuated minimally invasive
surgery instruments: compressive loading, maximum angular
deflection, and a variable actuation moment arm. These issues
were resolved by inverting the mechanism, designing appropriate
geometry and boundary conditions, employing NiTi flexures, and
integrating a pulley into each jaw. The angular rotation is pre-
dicted to be at least 690 deg.

The 3-mm L-Arm concept as designed has a total of six parts,
four of which are unique. A lower part count compared to com-
mercially available instruments could reduce cost and improve the
availability of MIS procedures for a broad range of patients [16].

The inverted L-Arm compliant mechanism is a good candidate
for a 3-mm 2DoF minimally invasive surgical instrument. A third
degree-of-freedom could be added by locating an existing 1DoF
wrist mechanism with an axis of rotation orthogonal to the axis of
rotation of the L-Arm below the end effector.

The principles and strategies developed here may prove useful
in creating other compliant mechanism surgical instruments [17].
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